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Abstract 
In this study, the catalytic debromination of 1,2,4,5-tetrabrominated benzene (1245TBB) was performed in a solution of NaOH in 
alcohol (Visopropanol:Vmethanol = 99:1) in the presence of a nanoscale catalyst Pd/C at a temperature of 50qC. The final degradation 
product of 1,2,4,5-tetrabrominated benzene is benzene. The debromination efficiency of 1245TBB and its degraded intermediate 
products (1,2,4-tribromobenzene, 1,2,-dibromobenzene, and bromobenzene) were highly dependent on the Pd/C loading and 
NaOH concentration. The catalyst life was evaluated, which showed that the deactivated catalyst could be reactivated about 30% 
after washing with 100 mmol L-1 NaOH solution in isopropanol. The possible 1245TBB debromination mechanism and pathways 
are also proposed and discussed in this study. 
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1. Introduction 
Decabrominated dephenyl ether (decaBDE) flame-retarded high-impact polystyrene (HIPS) plastic is generally 
used for TV housings and the pyrolysis oils of the waste plastics contain >50wt% valuable benzene derivatives, 
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which can be used as fuels or chemical materials1-5. However, some bromine-containing compounds that are present 
in oil can lead to the formation of harmful compounds such as dioxins and benzofurans6-8. Thus, it is necessary to 
remove bromine from pyrolysis oils. 
Many previous studies have investigated the recycling of polymers containing brominated flame retardants and 
the removal of brominated hydrocarbons using catalysts and /or sorbents during pyrolysis9-15. However, catalysts 
may become ineffective after undergoing thermal treatment and they cannot be used repeatedly. It has been 
demonstrated that catalytic hydrodehalogenation with homogeneous or heterogeneous catalysts is a facile and 
efficient procedure16-18. In particular, nano-zerovalent iron usually has high reactivity because of its high overall 
surface area, the increased density of reactive sites on the surfaces of particle, and the higher intrinsic reactivity of 
the reactive surface sites. These particles are readily oxidized in the presence of water and oxygen 
(Fe+2H2O→Fe2++H2↑+2OH-). Catalytic hydrodechlorination with noble metal catalysts has also been used widely 
for the dechlorination of a variety of chlorinated organic compounds in alcohol solutions in relatively mild 
conditions19-21, while they can be recycled easily and they do not produce molecular hydrogen. The scheme of the 
dechlorination is as below: 
CH3CH(OH)CH3→CH3C(O)CH3+2H* 
Ar-Cl+2H*→Ar-H+HCl 
HCl+NaOH→NaCl+H2O  
In this study, we considered one of the main brominated compounds found in the pyrolysis oil of decaBDE flame-
retardant HIPS plastic22 as the target, i.e., 1,2,4,5-tetrabrominated benzene (1245TBB), to investigate the feasibility 
of using Pd/C nanoparticles to debrominate 1245TBB, which would be an environmental friendly and energy-saving 
method for purifying the waste pyrolysis oils containing brominated compounds generated during the manufacture 
of electrical and electronic equipment plastics. We also investigated the effects of other factors, i.e., the addition of 
Pd/C, the reaction temperaturen-hexane. The long-term performance of Pd/C nanoparticles during repeated use was 
also addressed. Furthermore, the main method of 1245TBB removal, its reaction pathway, and the debromination 
mechanism were investigated. 
2. Materials and methods 
2.1. Chemicals and purity 
The substrate, 1245TBB (94%) was purchased from Alfa Aesar (Tianjin, China). H2PtCl6.6H2O (>99%), sodium 
borohydride (NaBH4>98%), isopropyl alcohol (99.7%), methanol (HPLC grade), n-hexane (HPLC grade), toluene 
(HPLC grade), acetone (HPLC grade), and benzene (HPLC grade) were supplied by Tianjin Kermel Chemical 
Reagents (Tianjin, China). Sodium hydroxide (NaOH t 96%) was supplied by Guandong Guanhua Chemical 
Reagents (Shantou, China). 
2.2. Characterization of nanoscale Pd/C particles 
The nanoscale Pd/C particles were purchased from Zhongke Cady Chemical Technology(Lanzhou, China). The 
size and morphology of the Pd/C nanoparticles were characterized using a scanning electron microscope (SEM), 
which was equipped with an energy dispersive X-ray (EDX) spectrometer (S-3700N, Hitachi, Japan). The specimen 
was prepared by spreading the powder on the carbon seals, followed by exposing the mounting of the sample holder 
to air for about 1 min, and introducing it into a vacuum chamber. The measurements were obtained at a voltage of 20 
kV. 
2.3. Experimental procedures 
1. Preparation of the 1245TBB solutions 
The solvents, methanol and isopropyl alcohol (MI), were mixed (Visopropanol:Vmethanol = 99:1) in a brown glass 
volumetric flask, where 10 mL of methanol was transferred to the flask (1 L) with a suction pipette and isopropyl 
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alcohol was added to make the volume up to 1 L. MI was used as the solvent in the study. In various experimental 
conditions, different volumes of NaOH were dissolved in the solvent to produce concentrations of 10 mmol/L, 20 
mmol/L, 50 mmol/L, 100 mmol/L, and 200 mmol/L. In all of the experiments, the concentration of 1245TBB was 
1000 mg/L. 
2. Batch experimental procedure 
The experimental investigations of 1245TBB debromination were performed in 25 mL serum vials, which were 
sealed with teflon-coated grey butyl rubber stoppers covered with aluminum foil, and magnetic stirring (200 r/min) 
was applied to disperse the Pd/C particles uniformly throughout the reactor. The total volume of the reactants was 5 
mL. Samples were withdrawn from a sacrificed bottle with a gas tight syringe at fixed time intervals and filtered 
through a 0.45 μm membrane to remove any precipitates, followed by liquid–liquid extraction in HPLC grade n-
hexane (100 μL of the sample was added to 1000 μL n-hexane, which was mixed rapidly using ultrasound and the n-
hexane layer was separated). An aliquot of the n-hexane-extracted sample (0.5 μL) was then analyzed by gas 
chromatography/mass spectrometry (GC/MS) to assess the degradation of 1245TBB. 
3. Analysis of long-term performance of Pd/C during repeated use 
Batch experiment reactions were performed in serum vials, where the experimental conditions were as follows: 
temperature = 50 r 2qC, initial NaOH concentration = 100 mmol/L, initial 1245TBB concentration = 1000 mg/L, 
Pd/C dosage = 6 g/L, and stirring speed = 200 rpm. After each 1-h cycle, centrifugal separation was used to separate 
the solution from the nanoparticles and all of the supernatant liquor was removed, leaving the nanoparticles in the 
serum vial. Next, the particles were treated in two ways: 1) the particles were used directly in the next debromination 
reaction, where 5 mL of fresh 1000 mg/L 1245TBB solution was added to continue the degradation; and 2) the 
particles were washed with isopropyl alcohol solution with NaOH (100 mmol/L) with ultrasonication treatment 
(frequency,40kHZ; power,80W; 5min) and used in the next reaction. The supernatant liquor was filtered through a 
0.45µm filtration membrane and the concentration of 1245TBB and its organic debromination products were 
determined by GC/MS. 
2.4. Analytical methods 
1. GC/MS analysis 
Samples were analyzed with a GC/MS-QP2010 (Shimadzu, Japan) using the electron impact ion source mode. A 
HP capillary column (30 m u 0.32 mm i.d., 0.25 µm film thickness) was used to analyze the 1245TBB degradation 
products. The column temperature was initially held at 40qC for 2 min, which was increased to 220qC at a rate of 
10qC/min. The injection port temperature was 220qC and 0.5 μL samples were injected manually in the splitless 
mode. N-hexane was used as solvent and helium as the carrier gas at a flow rate of 1 mL/min. The ion source and 
interface temperatures were all set to 200qC. 
2. SEM analysis 
The morphology and size of the nanoscale Pd/C particles were analyzed with scanning electron 
microscope(SEM,JSM-6360) combined with energy-dispersive X-ray spectrometry(EDX,JED-2003 X-ray analyzer). 
The volt is 0.3kV̚30kVˈresolution ratio is 3nm˄secondary electron image˅ˈamplification ratio is 5x̚300kxǄ 
3. Results and discussions 
3.1. Characterization of nanoscale Pd/C particles 
Figure. 1 shows the morphology and size of the nanoscale Pd/C particles, which were determined by SEM/EDX, 
where the white dots are Pd particles and the grey blocks are the active carbon supports. In the image, most of the 
particles measured about 100 nm in diameter. The spectrophotometry results showed that the nanoscale Pd particles 
comprised about 5.0 wt%, the specific surface area of the nanoscale Pd particles was 50–65 m2/g, and their diameter 
was 50 r 1.5 nm. 
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Fig. 1 Scanning electron microscope image of Pd/C 
3.2. Debromination of 1245TBB 
1. Effect of the Pd/C mass loading on the debromination efficiency 
Fig. 2 shows the increase in the debromination efficiency depending on the nanoscale Pd/C mass loading (mass 
weight) selected during 3 h. When the nanoscale Pd/C mass weight increased from 10 mg to 30 mg, the 
debromination efficiency increased sharply, which are 7.72%, 12.52% and 100% respectively. The results agreed 
with a previous study23. The reactive Pd site concentration increased with the Pd/C mass loading, which led to an 
increase in the reaction rate. However, it is important to minimize the Pd/C loading while maintaining a satisfactory 
catalytic activity because Pd is a noble metal and its addition may cause environmental problems24. 
 
 
Fig. 2 GC/MS chromatograms of 1,2,4,5-tetrabrominated benzene debromination products with different weights of Pd/C. 
To demonstrate that isopropyl alcohol was used as a hydrogen source, all of the products in the system were 
reacted with 30 mg Pd/C for 3 h and analyzed by GC/MS (Fig. 3). Acetone was detected in addition to isopropyl 
alcohol and the debromination product of 1245TBB, i.e., benzene, which verified that isopropyl alcohol achieved 
dehydrogenation during the catalytic reaction with the nanoscale Pd/C catalyst. 
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Fig. 3 Gas chromatography/mass spectrometry chromatogram of the reaction system after reacting for 3 h 
2. Effects of the NaOH concentration on the debromination efficiency 
The effects of alkali on the debromination efficiency of brominated compounds were tested in the same 
experimental conditions, i.e., the solvent type, reaction temperature, catalyst loading, and reaction time. OH- 
neutralization of the H+ generated in the system made a positive contribution to the reaction (HX + NaOH → NaX + 
H2O). When the NaOH concentration was <100 mmol/L, the conversion rate of 1245TBB was <10%, whereas 
1245TBB was degraded completely at 100 mmol/L, but the conversion rate of 1245TBB declined to 16.69% when 
the concentration was increased to 200 mmol/L.(Fig. 4)  This was mainly because the OH- was not sufficient to 
neutralize H+ when the NaOH concentration was <100 mmol/L, which hindered the reaction: HX + NaOH → NaX + 
H2O. By contrast, an excessively high NaOH concentration destroyed the porous system of the support and dissolved 
Pd25. The pH changes before and after debromination using different NaOH concentration support this explanation 
(Fig. 5). When the NaOH concentration was 100 mmol/L, the pH of the reaction system declined after 
debromination but it was close to pH 7, whereas the system pH was <5 after the reaction when the initial NaOH 
concentration was <100 mmol/L. By contrast, the system pH reached 12.5 after the reaction in the presence of 200 
mmol/L NaOH.  

Fig. 4 Conversation of 1245TBB with different NaOH concentrations  
 (temperature: 50qC, reaction time: 1 h, total volume: 5 ml, Pd/C: 30 mg). 
3.3. Long-term performance of Pd/C during degradation 
Fig. 6 shows the long-term performance of Nanoscale Pd/C particles, where the reused Pd/C treated in two 
different ways had diverse effects on the debromination of 1245TBB. In the first two degradation cycles, the 
1245TBB removal rate was >90% with both methods. After the third and fourth cycles, however, the degradation 
efficiency was only 71% when Pd/C was reused directly, whereas the 1245TBB debromination efficiency was >83% 
when treated with washed Pd/C. This was mainly because the surface of the catalyst was covered with many 
degradation products before washing (Fig. 7a). However, when the particles were washed with 100 mmol/L 
isopropyl alcohol solution with NaOH, the degradation products (e.g., benzene, NaBr, acetone) were removed and 
the active sites were exposed. During the sixth degradation cycle, only 62% of the 1245TBB was removed when 
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12DBB 
Bromobenzene 
Fig. 5 Differences in the pH before and after debromination with 
different NaOH concentrations (temperature: 50qC, reaction time: 
1 h, total volume: 5 ml, Pd/C: 30 mg, repetition of experiment: 
three times). 
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Pd/C was reused directly and 64% when the Pd/C was washed, where both results were low and they did not differ 
significantly. This was mainly because the Pd particles were stripped from the active carbon stirring. Fig. 7b shows 
SEM images of Pd/C before and after six reaction cycles, where the Pd particles on the active carbon have declined 
greatly. 
 
Fig. 6 The conversion rate with Pd/C reuse ( : reuse directly; : reuse after washing); total volume: 5 ml, Pd/C: 30 mg, NaOH 
concentration:100 mmol/L, reaction time:1 h, temperature: 50qC). 
       
Fig. 7 Scanning electron microscope image of Pd/C after reuse(white dots in the two pictures are the Pd particles) (a. reuse four times, without 
washing; b. reuse six times, washing with water). 
3.4. Products of bromine 
In addition to hydrocarbons, the presence of different forms of bromine in the system is crucial because it 
determines the subsequent separation method. Using the catalyst both before and after the treatment of 1245TBB for 
3 h, we analyzed the main elements in the catalyst by SEM/EDX and a comparison of the differences is made (Fig. 
8. ). After degradation, Na and Br were apparent on the catalyst surface, but they were removed after the catalyst 
was washed. These results indicate that the bromines in the benzene ring were converted into Br-. 
  
Fig. 8 Energy dispersive X-ray image of Pd/C after debromination for 3 h(a. before washing; b. after washing with water and dried in room 
temperature). 
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3.5. Degradation pathway 
The results of the GC/MS analysis of the TBB degradation products are shown in Fig. 9, which illustrate how 
1245TBB was converted into benzene step by step. 
In general, two typical mechanisms determine the dehalogenation of halogenated organic substances: electron 
transfer mode and hydrogen transfer mode26,27. Electron transfer mode is that electron attachment weakens the C-X 
bonds and these weak bonds could lead to the dehalogenation of halogenated compounds, The hydrogen transfer 
mode is that the halogen at the carbon bearing the hydrogen of σ-cmplex is abstracted by another hydrogen atom to 
directly provide Hp-halogenated substance and hydrogen halogenate. In the hydrogen transfer mode, 
dehalogenation/hydrogenation is the main degradation path. For example, Fueno et al.27investigated the 
dechlorination reaction pathways in 1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin based on the hydrogen atom using 
the density-functional theory B3PW91 method, and the results suggested that the σ-complex played an important 
role in this reaction. 
Based on the degradation products of 1245TBB, we deduced that the debromination pathway of 1245TBB 
involves two modes (see Fig. 10 ): the hydrogen transfer mode and the electron transfer mode combined with the 
hydrogen transfer mode. 
  
Fig. 9 GC/MS chromatograms of the catalytic products of 1,2,4,5-tetrabrominated benzene after different reaction times. 
3.6. Degradation mechanism 
The α-hydrogen of 2-propanol is transferred preferentially to organic bromine compounds (see Fig.11). The 
debromination proceeds in a stepwise manner to yield a bromine-free product. Dissolved NaOH is indispensable for 
catalytic debromination because it scavenges the released Br− to form NaBr. The same mechanism has been 
confirmed by other researchers28. Based on the debromination mechanism and the intermediate products (see Fig. 9), 
Fig. 12a shows the proposed debromination pathways for 1245TBB isomers that occurred during the catalytic 
reaction with Pd/C in NaOH solution. However, based on the intermediates identified by GC/MS, the debromination 
of 1245TBB isomers proceeds to produce benzene as the final product via the pathway shown in Fig. 12b, as well as 
the molar amount of NaOH ([NaOH]/[1245TBB] = 4) required to transform 1245TBB to benzene. 
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Fig. 10 Two potential debromination modes for 1,2,4,5-tetrabrominated benzene. 
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Fig. 11 Interaction between 1,2,4,5-tetrabrominated benzene and isopropyl alcohol on Pd/C. 
Furthermore, the transfer pathway was deduced based on the intermediates and the mechanism of the interaction 
between 1245TBB and isopropyl alcohol. The pathway that converts 1245TBB to 1,2,4-tribromobenzene and 
isopropyl alcohol to acetone is described by reaction equation (1). 
Isopropanol undergoes dissociative adsorption on the catalyst surface and the D-hydrogen atom dissociates 
preferentially then substitutes for the bromine atom on the benzene ring, thereby transforming 1245TBB into 
124TBB. The bromine is converted into a bromide ion, which has a negative charge and the bromide ion combines 
with a hydrogen ion from –OH to form HBr. The reactive intermediates of isopropanol are transformed into acetone. 
C
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Similarly, 124TBB can be converted into 12DBB, and 12DBB is subsequently transformed into bromobenzene and 
benzene. 
Br Br
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a.probably debromination pathway                                            b. determined debromination pathway 
Fig. 12 The probably (a) and determined (b) debromination pathway for 1,2,4,5-tetrabrominated benzene on Pd/C. 
4. Conclusions 
In this study, the catalytic debromination of 1245TBB was performed using a solution of NaOH in isopropanol 
with a carbon-supported noble metal catalyst (Pd/C) at a temperature of 50qC. The results showed that the 
debromination effect of 1245TBB increased with the Pd/C loadings. The addition of NaOH also had significant 
effects on the Pd/C activity, where NaOH determined the degree of debromination and it had adverse effects on the 
activity at appropriate concentrations. For example, the addition of NaOH at a concentration >100 mmol/L to the 
reaction mixture to neutralize the HBr formed during the reaction was ineffective because the strong alkaline 
medium destroyed the porous system of the support and dissolved Pd. 
The reaction was also affected by the addition of hydrocarbons, i.e., n-hexane and toluene, where the 
debromination rate was inhibited by toluene whereas n-hexane had little effect. The debromination of all the 
brominated benzenes occurred successfully in the presence of n-hexane. A gradual decrease in the catalytic activity 
was observed, but this was probably due to the accumulation of NaBr and the debromination products of 1245TBB 
on the catalyst surface, and the catalyst recovered to a large extent after washing with a 100 mmol/L NaOH solution 
in isopropanol. 
The debromination pathway comprised debromination/hydrogenation and debromination/polymerization in the 
experimental conditions. Based on this study and previous studies, the debromination/hydrogenation induced by the 
hydrogen transfer mode is considered to be the dominant pathway, whereas the debromination/polymerization 
induced by the electron transfer mode is a minor pathway. In the hydrogen transfer mode, the D-hydrogen on 
isopropanol dissociated via the function of the catalyst and formed a radical, which substituted for the bromine atom 
on the benzene ring. 
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